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Following on from his earlier articles in 111-h Review’s characterization series, on the applications of X-ray dif- 
fraction and photoluminescence, Chris Moore here turns his attention to spectrally resolved optical reflec- 
trometry. Data interpretation relies on sophisticated analysis techniques but their automation yields a 
powerful tool for the routine characterization of compound semiconductor devices such as VCSELs. 
A s the compound semi- conductor industry contin- .ues to expand and mature, 
the demand for larger, more auto- 
mated, high yield, high volume 
processes increases. One of the 
consequences of this change 
to a ‘silicon-type’ production mod- 
el is the increased use of tool 
operators and a corresponding 
decrease in the use of scientists 
and characterization experts. This 
has pushed the development of 
tools designed specifically 
for routine compound semicon- 
ductor characterization. These 
process control tools are designed 
to run at high speeds with mini- 
mal operator intervention for 
both data collection and data 
analysis, specifically to reduce 
the reliance on local (individual) 
expertise. 
Following on from earlier arti- 
cles concentrating on X-ray dif- 
fraction (Vol 11, No. 6, pp. 30-34) 
and photoluminescence (Vol 12, 
No. 2, pp. 40-46) this article will 
concentrate on the use of spec- 
trally resolved reflectometry for 
the control of compound semi- 
conductor processes. In particu- 
lar, applications of this technique 
to the characterization of Bragg 
reflectors, VCSEL structures and 
the use of reflectometry for mul- 
tiple layer thickness measure- 
ments in compound semi- 
conductor device structures will 
be discussed. The data presented 
here were obtained either by a 
Philips PLMlOO equipped with a 
white light source option or a 
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Philips PLMl50 third generation This raw reflectance spectrum 
high speed optical mapping contains information from the sam- 
system. ple convoluted with the optical re- 
sponse of the measurement 
Basics instrument, the instrument func- 
tion. The instrument function in- 
The basic reflectometry system eludes the wavelength response of 
(Figure 1) consists of a broad the optics, the emission spectrum 
band light source (for these mea- of the lamp and the detector re- 
surements a tungsten halogen re- sponse curve. In many reflectance 
flective optics source) which is spectra these effects will dominate 
focused using low numerical the subtle changes from the sam- 
aperture optics onto the sample ple to be measured and must be 
surface at normal incidence. corrected for before detailed 
The light reflected from the analysis can be done. The relevant 
sample is collected and the inten- sample features in the spectrum 
sity of the light measured as a due to the changes in reflectance 
function of wavelength is from the epitaxial layers are 
recorded. extracted by dividing the raw 
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Figure 1. Block diagram of a typical reflectometry measurement system. 
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Figure 2. Spectral reflectance curves from a multilayer sample. The top curve is the raw 
measured data, the bottom curve has been normalized to a reflectance standard to remove 
the instrument response. 
spectrum by one obtained from a 
reference sample. The data sets 
presented in this article were nor- 
malized by ratioing the raw data 
from the sample to a reference 
curve taken from either a known 
reflectivity reference or a bare 
substrate. 
The effect of this normalization 
is clearly shown in Figure 2. The 
upper curve is the raw data from a 
PIN diode device structure. Much 
of the structure seen in this curve 
is the instrument response ftmc- 
tion. The lower curve shows what 
happens when the instrument 
function is removed via the nor- 
malization algorithm. Now, the in- 
terference fringes from the 
multiple layers can be clearly seen. 
All of the data and analysis results 
in the remainder of this article are 
from normalized reflectance data 
sets. 
VCSEL measurements 
VCSEL type structures are used in 
optoelectronics to provide bright 
sources that emit light perpendicu- 
lar to the surface of the sample. 
Inherently, these devices are easy 
to package and are becoming one 
of the dominant emission struc- 
tures in optoelectronics. One of 
the key enabling technologies to 
building high quality VCSEL de- 
vices is the ability to build high 
quality ‘mirrors’ made by growing 
periodic epitaxial structures.These 
reflecting structures must have the 
correct reflection versus wave- 
length response and have a high 
reflectivity at the design wave- 
length. A more detailed explana- 
tion of the physics of the structure 
and the engineering involved in 
the design and growth is beyond 
the scope of this article and the 
reader is encouraged to look in the 
many books written on this 
technology. 
Figure 3 shows a typical nor- 
malized reflectance spectrum from 
a VCSEL test structure. The spec- 
trum is analysed for a number of 
important VCSEL parameters. 
These include: 
?? Cavity wavelength as deter- 
mined by the location of the ‘dip’ 
in the pass band region (717 nm) 
?? Cavity intensity ratio (1.45) 
which measures the depth of the dip 
?? Upper edge of the pass band 
(758 nm) 
?? Lower edge of the pass band 
(675 nm) 
?? Centre of the pass band 
(716.5 nm). 
A sophisticated analysis algo- 
rithm like the one used here 
Figure 3. A single reflectance spectrum from a VCSEL structure. 
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Figure 4. The spatial variation of optical properties of a VCSEL structure: (left) cavity wave- 
length, (middle) lower pass band wavelength, and (right) upper pass band wavelength. 
allows the automated tracking of 
cavity wavelength with respect to 
the pass band centre. This infor- 
mation along with the cavity 
dip response fully characterizes 
the quality of the VCSEL. It is 
interesting to note that in this 
case the cavity wavelength is 
0.5 nm away from the centre of 
the pass band. The pass band 
edges were defined in the algo- 
rithm by a combination of cavity 
rise (>30%), threshold (33%) and a 
fall ratio of 2O%.All of these para- 
meters are needed to cleanly de- 
termine the pass band with 
respect to the reflectance fringes 
seen on either side. 
Many users have their own vari- 
ations of the algorithms used to de- 
termine these parameters. For 
example, the cavity dip wave- 
length can be determined by an al- 
gorithm as simple as ‘find the 
lowest point within a wavelength 
window’ or as complicated as ‘find 
the sharpest dip within the upper 
and lower pass band regions’. 
The absolute sharpness of the dip 
is determined by the optics of the 
reflectometer and the grating/ 
detector resolution. However, the 
changes in dip sharpness are an ac- 
curate measure of local changes in 
the VCSEL structure. 
The spatial changes of the three 
parameters shown in Figure 4 are 
the result of mapping the re- 
flectance spectrum of the sample 
and automatically extracting the 
parameters discussed above. Thus, 
one can examine the spatial varia- 
tion of the cavity wavelength, the 
lower edge wavelength and upper 
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edge wavelength. The variation 
seen in this sample is related to 
changes in the localized surface 
temperature of the sample during 
growth, which effects growth 
chemistry In this particular case, 
the variation is large enough that 
this structure would not be used 
for device production. 
The spatial variation of the cavi- 
ty wavelength can be seen in more 
detail in Figure 5.The histogram to 
the right of the figure shows the 
correspondence between the 
colour in the map and the cavity 
wavelength. In this case each 
colour change corresponds to a 
2.0 run shift in wavelength. Overall 
this sample has ‘an average cavity 
wavelength of 717.6 nm with a 
standard deviation of 3.95 nm. 
Typically one would use both the 
average (target wavelength) and 
the standard deviation to measure 
the uniformity and gauge the suit- 
ability of the layered structure for 
device fabrication. 
Layer thickness 
The other primary use of spectral 
reflectance is to measure the 
thickness of one or more layers in 
epitaxially grown device wafers. 
‘Qpically this technique is used in 
laser structures (clad-active-clad) 
systems and detectors.The raw da- 
ta used to measure thickness is 
similar to that used for VCSEL 
characterization. Changes in the 
optical refractive index between 
the layers give rise to multiple re- 
flections from the sample. Thus, 
the measured spectra can be 
thought of as a superposition of 
all of the reflected beams from a 
number of layers in the sample. 
This raw data can then be 
analysed using a wide range of op- 
tical models ranging from a sim- 
ple, one-layer type, Fresnel 
equation to a complex multilayer 
analysis. 
Figure 6 shows a multilayer 
analysis of the thickness of a 
three layer AlGaAs/GaAs structure 
using a variation of an FFT (fast 
Fourier transform) based tech- 
nique. The map at the left of the 
figure shows the spatial variation 
of the sample reflectivity at a 
(mm) 
Figure 5. The spatial variation of the cavity wavelength of a typical VCSEL structure. 
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Figure 6. Multilayer thickness analysis of a single point of a map of reflectance spectra (see 
text for details). 
selected wavelength. The upper where the x-axis corresponds to 
right of this figure shows the re- the optical depth in the sample 
flectance data plotted in (sample surface to the left). Each 
wavenumber space (inverse wave- peak corresponds to an interface 
length). This data consists of the between two layers and the dis- 
original reflectance data (the red tance between the peaks is 
curve), a trend line used to cor- proportional to nt, where n is the 
rect for the overall instrument dis- index of refraction of the layer 
persion function (green) and the and t is the layer thickness. The 
dispersion corrected spectrum calculated layer thicknesses are 
(blue). The corrected data is gen- shown on the bottom left.The es- 
erated by removing the trend timates used are the target values 
line from the original data and of the structure and are used as 
applying a suitable windowing an initial starting point for the 
function. algorithm. 
The lower right of the figure 
shows the result of applying an 
FFT function to the dispersion 
corrected spectrum. The trans- 
form selected produces a result 
When this real-time analysis al- 
gorithm is applied to an entire data 
set, it is possible to generate a set 
of spatial maps which shows the 
thickness variation of one or more 
buried 1ayers.A typical map of spa- 
tial variation is shown in Figure 7 
for a layer 1.06 pm thick with a 
measured standard deviation of 
0.007 urn. 
Measurements of this type 
allow real-time process control 
of layer thickness in multiple 
layer structures for layers above 
100 nm in thickness. For thin 
layers it becomes difficult to 
separate layer thickness changes 
from interface roughness effects 
and automated X-ray techniques 
are the analytical methods of 
choice. 
Rapid spectral reflectance as- 
sessments - i.e. ‘screens’ - are fast 
(up to one wafer per minute with 
2500 spectra per wafer), reliable 
and can be applied early enough 
in the process cycle to significant- 
ly reduce the number of out-of- 
specification wafers in a process. 
The earlier a problem is caught in 
production, the greater the sav- 
ings in work in process and cycle 
time. 
Conclusions 
This article has discussed some of 
the basic uses of reflectometry 
measurements for process con- 
trol. As can be seen from the 
above applications, although the 
data collection schemes are very 
simple, the power in reflectome- 
try lies in the use of sophisticated 
analysis techniques. It is the au- 
tomation of these techniques 
combined with high-speed data 
acquisition which produces the 
new generation of compound 
semiconductor characterization 
tools needed for high-volume, 
high-yield production. 
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